Piwi-interacting RNAs (piRNAs) are a class of small noncoding RNAs. piRNAs protect the genome integrity of the germline by silencing active transposable elements and are essential for germ cell development. Most piRNA pathway proteins are evolutionarily conserved. MOV10L1, a testis-specific RNA helicase, binds to piRNA precursors and is a master regulator of piRNA biogenesis in mouse. Here we report that mutation of the MOV10L1 ATP hydrolysis site leads to depletion of piRNAs on Piwi proteins, de-repression of transposable elements, and conglomeration of piRNA pathway proteins into polar granules. The Mov10l1 mutant mice exhibit meiotic arrest and male sterility. Our results show that mutation of the MOV10L1 ATP hydrolysis site perturbs piRNA biogenesis. male fertility, meiosis, MOV10L1, piRNA, retrotransposon
INTRODUCTION
Piwi-interacting RNAs (piRNAs) are a unique class of small noncoding RNAs (nucleotides [nt] 23-31) with a preference for a 5 0 uridine nucleotide. piRNAs are expressed predominantly in the germline of metazoan species including Caenorhabditis elegans, Drosophila, zebrafish, and mouse [1] [2] [3] [4] [5] [6] . piRNAs associate with Piwi proteins and guide Piwi proteins to cleave and silence active transposable elements (TE) [7] . piRNAs are also required for proper germ cell development and fertility [7] . In mouse, piRNAs are required only for spermatogenesis [8, 9] . Two populations of piRNAs are generated during mouse spermatogenesis, pre-pachytene piRNAs and pachytene piRNAs.
Pre-pachytene piRNAs are enriched in TE-derived sequences and associate with the Piwi proteins MILI (gene symbol: Piwil2) and MIWI2 (Piwil4) in gonocytes and spermatogonia [10] [11] [12] . Most pre-pachytene piRNAs are expressed prenatally in gonocytes. Pre-pachytene piRNAs are required for DNA methylation and repression of the retrotransposons LINE1 and IAP [10] [11] [12] [13] [14] [15] . Loss of pre-pachytene piRNA biogenesis/loading onto Piwi proteins results in meiotic arrest at the zygotene stage of meiosis I [13, [16] [17] [18] [19] [20] [21] [22] [23] . It is generally accepted that derepression of TE causes massive DNA damage in spermatocytes, which activates the meiotic checkpoint and thus meiotic arrest in spermatocytes [24, 25] .
Pachytene piRNAs are expressed postnatally in pachytene spermatocytes and round spermatids. They associate with the Piwi proteins MILI and MIWI (Piwil1) and constitute 95% of known piRNAs [4, 5, 26] . Most pachytene piRNAs are derived from intergenic regions [4, 5, 26] . The precise functions of pachytene piRNAs are still unclear. Recent studies have implicated pachytene piRNAs in the cleavage of meiotic and postmeiotic messenger RNAs [27] [28] [29] . Although pachytene piRNAs are not enriched for TE-derived sequences, MILIbound and MIWI-bound pachytene piRNAs are required to silence LINE1 elements in pachytene spermatocytes and in round spermatids, respectively [5, 30, 31] . Loss of pachytene piRNA biogenesis/loading onto Piwi proteins results in round spermatid arrest [32, 33] .
Studies of mammalian piRNAs have provided a framework for how piRNAs are generated and have identified a plethora of components in the piRNA pathway; however, many of the mechanisms involved remain unclear. Most components of the piRNA pathway are compartmentalized in nuages, electrondense compartments in the cytoplasm of germ cells [16, 22, [34] [35] [36] . piRNA pathway components localize to two distinct, adjacent nuages in fetal germ cells, the pi-body and piP-body [35] . In spermatogonia and spermatocytes, the piRNA pathway is compartmentalized in the nuages localized among mitochondrial clusters, collectively termed the intermitochondrial cement [34] . In postmeiotic germ cells, the piRNA pathway components are compartmentalized in a large single nuage termed the chromatoid body [36] . Pre-pachytene and pachytene piRNAs are initially generated through primary biogenesis. During primary biogenesis, piRNA precursor transcripts are cleaved by the endonuclease PLD6 and loaded onto MILI and MIWI as piRNA intermediates [7, [37] [38] [39] . Like mature piRNAs, piRNA intermediates also contain a preference for a 5 0 uridine nucleotide [39] . In the final steps of primary biogenesis, PNLDC1, a 3 0 -5 0 exonuclease termed Trimmer, interacts with TDRKH/Papi to trim piRNA intermediates at their 3 0 ends [40, 41] . Trimmed piRNAs are 2 0 -O-methylated at their 3 0 ends by HENMT1 [42] . Additionally, repeat-derived pre-pachytene piRNAs are amplified through the ping-pong cycle [12] . The pre-pachytene piRNAs guide MILI to cleave complementary RNA transcripts that are loaded onto either MILI or MIWI2 and processed to generate antisense (secondary) piRNAs [15] . Secondary piRNAs contain a signature adenosine at the 10th nucleotide [12] . MILI-bound secondary piRNAs cleave complementary RNA transcripts to amplify the initial piRNAs [15] . MIWI2-bound secondary piRNAs guide MIWI2 into the nucleus where MIWI2 is hypothesized to recruit DNA methylation machinery to silence active LINE1 elements [11] [12] [13] .
MOV10L1 is a testis-specific RNA helicase required for both pre-pachytene and pachytene piRNA biogenesis [16, 33] . MOV10L1 interacts with MILI, MIWI, and TDRD1 and directly binds to piRNA precursors near regions with a high propensity to form secondary structures such as G-quadruplexes [16, 43] . MOV10L1 binding to piRNA precursors precedes the loading of precursors onto MILI and MIWI [43] . Postnatal deletion of Mov101l1 resulted in an accumulation of pachytene piRNA precursors [33] . A mouse knockin mutant containing a point mutation in the conserved ATP binding motif of the MOV10L1 RNA helicase domain also exhibited an accumulation of pre-pachytene piRNA precursors [43] . These studies support the function of MOV10L1 as an RNA helicase during primary biogenesis to recognize and resolve secondary structures within piRNA precursors, allowing the piRNA precursor to be processed into piRNA intermediates. To further explore the requirement for MOV10L1 RNA helicase activity in piRNA biogenesis, we generated a mouse knockin mutant containing mutations in the conserved ATP hydrolysis motif of the MOV10L1 RNA helicase domain.
Analysis of this mouse model shows that the ATP-binding activity of MOV10L1 is not sufficient for piRNA biogenesis and that mutations in its ATP hydrolysis site also abolish piRNA biogenesis.
MATERIALS AND METHODS

Mouse Breeding
Mice were housed in a barrier vivarium, monitored daily and under veterinarian care by the attending veterinarians from University Laboratory Animal Resources at the University of Pennsylvania. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Generation of the Mov10l1 DE888AA Knockin Allele
The 7.4-kb targeting construct contains a neomycin selection cassette (1.87-kb) flanked by left (2.88-kb) and right arms (2.65-kb) homologous to exons 18-22 of Mov10l1. The left arm contains mutations from GAC GAG (aspartic acid glutamic acid, respectively) to GCG GCG (alanine alanine) corresponding to codons 888 and 889 (exon 20) of Mov10l1. To generate the Mov10l1 knockin targeting construct, the left arm and right homologous arms were amplified from a Mov10l1-containing a BAC clone (RP23-269F24) by high-fidelity PCR. Codons 888 and 889 were mutated by PCR-based mutagenesis. The neomycin selection cassette was flanked by loxP sites for Cre-mediated removal. The targeting construct was sequenced to confirm the mutations and linearized by digestion using ClaI. The V6.5 hybrid embryonic stem (ES) cells were electroporated with the linearized targeting construct and cultured in the presence of 350 lg/ml G418. Of the 392 G418-resistant ES clones that were screened for homologous recombination, four targeted clones were obtained. One clone was injected into blastocysts and yielded germline transmission of the Mov10l1 knockin allele. The neomycin selection cassette was removed by crossing Mov10l1 KI/þ mice with Actb-Cre mice that express Cre ubiquitously [44] . All studies were performed with mice without the neomycin cassette. The wild-type (480 bp) and knockin (598 bp) alleles were assayed by PCR with primers forward: GCCAGGTAAGGCCTGTGTCTT and reverse: GCCTAGT GACTGAAAGGAGGGA. PCR primers flanked the remaining loxP site and adjacent vector sequence.
Antibodies
The following primary antibodies were used: MOV10L1 [16] , MILI (catalog no. ab36764; Abcam) [45] , ACTB (catalog no. A5441; SigmaAldrich), MIWI2 [12, 46] ), LINE1 ORF1p [47] , and IAP GAG [48] . The same LINE1 ORF1p antibody was previously used for immunofluorescence in other studies [16, 17, 21, 22] . The same IAP GAG antibody was used for immunofluorescence in other studies [16, 22] . The LINE1 ORF1p and IAP GAG antibodies were previously validated by Western blot analyses [16] . For Western blot analysis, testicular protein lysates were subjected to 8% SDS-PAGE, blotted, and probed with antibodies.
Histology and Immunofluorescence
For histology, testes were fixed in Bouin solution overnight, dehydrated in a series of ethanol washes, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Anti-MOV10L1 (affinity purified, 1:5 dilution), anti-MILI (1:100 dilution; Abcam), anti-MIWI2 (1:500 dilution), anti-LINE1 ORF1p (1:1000 dilution), and anti-IAP GAG (1:5000 dilution) were used as primary antibodies for immunofluorescent staining. Immunofluorescence was performed using frozen sections of testes fixed in 4% paraformaldehyde for 3 h at 48C. Sections were blocked for 1 h at room temperature with a buffer containing 10% goat serum. Sections were then incubated with the primary antibody for 1 h at 378C. The blot was washed three times and incubated with a fluorescein secondary antibody (Vector Laboratories) (1:100 dilution) for 1 h at room 378C. Sections were washed three times. DNA was stained with 4 0 ,6-diamidino-2-phenylindole (DAPI).
Immunoprecipitation and Detection of piRNAs
Affinity-purified anti-MILI [45] and anti-MIWI2 (crude serum from rabbit) [46] were bound to protein G-Sepharose 4 Fast Flow beads (GE Healthcare) and used to purify MILI and MIWI2 complexes from embryonic mouse testis extracts (50 ), the retained proteins in RNA complexes were digested by proteinase K (428C, 30 min), and finally associated RNA were isolated by phenol chloroform extraction and precipitated in ethanol. To visualize RNAs, they were dephosphorylated with rAPid alkaline phosphatase (recombinant bovine phosphatase; Roche) and 5 0 -end labeled with c-[ 32 P]ATP with T4 polynucleotide kinase (Thermo Scientific). The labeled RNAs were resolved by 15% (w/ v) urea-PAGE. Gels were exposed to Phosphor Storage screens (GE Health) and scanned (Typhoon scanner; GE Health).
Analysis of Mov10l1 and Actb Expression
Total RNA was extracted from testes using Trizol reagent (Invitrogen), treated with DNase I (Invitrogen), and reverse transcribed to cDNA, using M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. Mov10l1 expression was assayed by PCR with the primers GGAAAGACTGTGACTATAATCGAGG and CCTCACTCCATGGAA GATGAGAG. Actb expression was assayed by PCR with the primers GCGTGACATCAAAGAGAAGCT and CTTGATCTTCATGGTGCTAGG.
RESULTS
Generation of a Mov10l1 Knockin Allele Harboring Mutations in the MOV10L1 ATP Hydrolysis Motif
MOV10L1 is a member of the Superfamily I of DNA/RNA helicases [43, 49] . The RNA helicase activity of this superfamily is dependent on their ATP binding and ATP hydrolysis activities. Mutation of conserved residues in the ATP hydrolysis site of UPF1, one of the closest homologs of MOV10L1, ablated UPF1 RNA helicase activity [50] . UPF1 is required for nonsense-mediated decay. Intriguingly, dissociation of the UPF1:RNA complex depends on ATP binding but not ATP hydrolysis. The MOV10L1 RNA helicase domain is located at its C-terminal region and contains two RecA-like domains (Fig. 1A) [51] . The first RecA-like domain harbors Walker A (ATP binding) and Walker B (ATP-hydrolysis) motifs [52] . To examine the requirement for MOV10L1 ATP hydrolysis activity during piRNA biogenesis, we generated a Mov10l1 knockin allele by mutating two conserved residues (DE888.889AA) within the ATP hydrolysis motif of the MOV10L1 RNA helicase domain (Fig. 1B) [50, 52] .
The Mov10l1 KI/þ mice were viable and fertile, suggesting that the mutation is not dominant negative. We examined the expression of MILI and MOV10L1 in the testes of Mov10l1
and Mov10l1 KI/KI mice at embryonic and various postnatal stages of development (Fig. 1C) (Fig. 1C) . However, mutant MOV10L1 protein was not detected in the testes of Mov10l1 KI/KI mice at Postnatal Day 6 and beyond (Fig. 1C) (Fig. 1D) .
These results show that the MOV10L1 mutant protein was present in embryonic germ cells but reduced in postnatal Mov10l1 KI/KI germ cells, likely due to decreased protein stability.
Mov10l1
KI/KI Males Exhibit Meiotic Arrest and Sterility
Mov10l1 KI/KI mice were viable with no apparent gross abnormalities. The fertility of Mov10l1 KI/KI mice was sexually dimorphic: males were sterile, but females were fertile. The body weight of 6-wk-old Mov10l1 KI/KI mice (21 6 0.9 g) was similar to that of their heterozygous littermates (22.21 6 1.9 g) (P ¼ 0.1). However, the testis weight of 6-wk-old Mov10l1 KI/KI mice (58 6 5 mg) was 37% of that of their heterozygous littermates (155 6 14 mg) (P ¼ 0.001, Student t-test) (Fig. 2A) .
FIG. 1. Generation and expression of the Mov10l1 knockin allele with mutations in its ATP hydrolysis site.
A) The RNA helicase domain of the MOV10L1 protein is shown. *ATP-binding (Walker A) and **ATP hydrolysis (Walker B) motifs. K(778) and D(888)E(889) are critical residues. The K778A knockin mutation was previously reported [43] . B) Generation of the Mov10l1 knockin (DE888.889AA) allele. The neo selection cassette is flanked by loxP sites and is removed by Actb-Cre. *Position of the DE ! AA mutation in Mov10l1. C) Western blot analysis of MOV10L1 in testes from E16.5, Postnatal Day 6 (6d), 10d, 14d, and 18d and 8 wk-old Mov10l1 KI/þ and Mov10l1 KI/KI mice. ACTB serves as loading control. D) Semiquantitative RT-PCR analysis of Mov10l1 and Actb transcript abundance in testes from 10-day-old Mov10l1 KI/þ and Mov10l1 KI/KI mice. Total RNAs were pretreated with DNase I. RT-PCR produced no products in controls without reverse transcriptase (data not shown).
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We examined histology of testes from adult Mov10l1 KI/þ and Mov10l1 KI/KI mice to determine the effect of the Mov10l1 ATP hydrolysis mutation on germ cell development. Spermatogenesis proceeded normally in the seminiferous tubules of Mov10l1 KI/þ mice (Fig. 2B) . However, seminiferous tubules in Mov10l1 KI/KI testes lacked any germ cells beyond the zygotene stage of meiosis I, showing that spermatogenesis is blocked in meiosis in the mutant males (Fig. 2C) . Intriguingly, spermatocytes exhibited two types of nuclear morphology: one with strongly stained and condensed nuclei (Fig. 2C,  arrowheads ) and the other with loose and enlarged nuclei (Fig. 2C, arrows) . In this new Mov10l knockin mutant, the ATP binding site was intact (Fig. 1A) . Therefore, results from this mutant suggest that the ATP hydrolysis activity of MOV10L1 may also be required for spermatogenesis. Alternatively, the spermatogenic defect in this mutant could be caused by reduced MOV10L1 protein levels.
Piwi Proteins Are Depleted of piRNAs in Mov10l1
KI/KI
Embryonic Germ Cells
Meiotic arrest occurs as a result of a loss of pre-pachytene piRNAs. To determine whether mutation in the MOV10L1 ATP hydrolysis site affects the piRNA pathway, we assayed the loading of pre-pachytene piRNAs onto MILI and MIWI2 in the testes from E16.5 Mov10l1 KI/þ and Mov10l1 KI/KI embryos. MILI-and MIWI2-bound piRNAs are 26-nucleotide (nt) and 28-nt long, respectively [12] . MILI-and MIWI2-bound piRNAs were present in E16.5 Mov10l1 KI/þ testes but absent in Mov10l1 KI/KI testes (Fig. 3) . This result suggests that the MOV10L1 ATP hydrolysis activity may be required for biogenesis or loading of pre-pachytene piRNAs. However, we cannot exclude the possibility that the failure in biogenesis or loading of pre-pachytene piRNAs might be caused by reduced MOV10L1 protein levels.
In the Mov10l1 KI/KI testes, MILI was associated with small RNA species, one of which was 26 nt long (Fig. 3) . The 26-nt band and larger RNA species were absent in the MIWI2 immunoprecipitation in the mutant. Deep sequencing of the RNAs associated with MILI in the Mov10l1 KI/KI testes showed that these RNAs seemed to be random sequences, that is, they were neither piRNAs nor micro-RNAs. One possible explanation is that MILI, in the absence of its natural RNA substrate (piRNAs), simply binds to RNAs in a nonspecific manner.
De-repression of IAP and LINE1 Retrotransposons in Embryonic and Postnatal Mov10l1
KI/KI Germ Cells
Because the main function of pre-pachytene piRNAs is to silence active transposable elements in the germline, we sought to address whether retrotransposon activity was affected in embryonic Mov10l1 KI/KI germ cells. IAP and LINE1 are commonly de-repressed transposable elements in piRNA pathway mutants. We examined the expression of IAP and LINE1 in E16.5 Mov10l1 KI/þ and Mov10l1 KI/KI testes by immunostaining for GAG and ORF1, proteins encoded by IAP and LINE1 retrotransposons, respectively [47, 48] . IAP and LINE1 were barely detectable in the E16.5 Mov10l1 KI/þ gonocytes, whereas they were significantly up-regulated in the Mov10l1 KI/KI gonocytes (Fig. 4, A-D) . LINE1 appeared to be more highly de-repressed than IAP. De-repression of retrotransposons in embryonic Mov10l1 KI/KI germ cells is consistent with loss of pre-pachytene piRNAs.
We also analyzed the expression of IAP and LINE1 in 6-wk-old testes by immunofluorescence (Fig. 5) . IAP and LINE1-encoded proteins were not readily detected in Mov10l1 KI/þ germ cells (Fig 5, A and C ), but were significantly upregulated in germ cells from Mov10l1 KI/KI testes (Fig. 5, B and D) . In Mov10l1 KI/KI testes, IAP was upregulated in spermatogonia, but not in spermatocytes (Fig.  5B) ; in contrast, LINE1 was upregulated in spermatocytes but not in spermatogonia (Fig. 5D ). This binary de-repression pattern of IAP and LINE1 was previously observed in the Mov10l1 knockout testes [16] . In addition, the binary LINE1 de-repression pattern was also reported in the Mili mutant and attributed to an additional requirement of histone H3 lysine 9 dimethylation in spermatogonia [53] . In conclusion, our Mov10l1 KI/KI mutant exhibits de-repression of transposable elements in both embryonic and postnatal germ cells. 
FU ET AL.
Polar Congregation of piRNA Pathway Proteins in Embryonic Mov10l1
KI/KI Gonocytes
We next examined the localization of piRNA pathway proteins in E16.5 Mov10l1 KI/KI testes. Pre-pachytene piRNAs are required to shuttle MIWI2 from the cytoplasm into the nucleus. In Mili À/À mice, piRNAs are not loaded onto MIWI2, and MIWI2 is excluded from the nucleus [12] . Nuclear exclusion of MIWI2 is common in other piRNA pathway mutants [8, 9] . We examined the subcellular localization of MIWI2 in testes from E16. (Fig. 6, A and B) . Additionally, MIWI2 congregated in a polar granule in the cytoplasm of gonocytes in Mov10l1 KI/KI embryos (Fig. 6B) . We then examined the localization of two other components (MILI and MOV10L1) in the piRNA pathway to determine if their localization was also affected in the E16. 5 
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DISCUSSION
Here we examined the role of MOV10L1 ATP hydrolysis activity in piRNA biogenesis by using a genetic approach. Mutations in the MOV10L1 ATP hydrolysis motif resulted in a loss of pre-pachytene piRNAs. The MOV10L1 mutant protein was present in embryonic germ cells. Therefore, the molecular defects in embryonic germ cells could be attributed to the mutation of two conserved residues in the MOV10L1 ATP hydrolysis motif. However, as the abundance of MOV10L1 mutant protein was reduced, we could not exclude the possibility that the defects might be caused by reduced protein levels. Two additional Mov10l1 mouse mutants were previously generated, in which the RNA helicase domain of MOV10L1 was deleted, and a point mutation was made in the MOV10L1 ATP-binding motif [16, 43] . These three Mov10l1 mouse mutants exhibited the same phenotypes, loss of piRNAs, de-repression of transposable elements, meiotic arrest, and male sterility. Previous study of the ATP-binding site knockin mutant shows that the ATP-binding activity is required for piRNA biogenesis [43] . Study of the Mov10l1 ATP hydrolysis knockin mutant generated here suggests that ATP binding may not be sufficient for piRNA biogenesis and that ATP hydrolysis may also be required. We hypothesize that ATP hydrolysis may provide the energy necessary for MOV10L1 to resolve secondary structures such as Gquadruplexes in the piRNA precursors.
The mutant MOV10L1 protein was not detected in postnatal testes from Mov10l1 KI/KI mice with the mutation of two conserved residues in its ATP hydrolysis motif. In contrast, MILI was still expressed in early postnatal Mov10l1 KI/KI testes. Therefore, it is unlikely that piRNA biogenesis is required for the stability of piRNA pathway proteins. Rather, the two residues (DE) that were mutated in the Mov10l1 ATP hydrolysis site may be critical for MOV10L1 protein stability in postnatal testes. Intriguingly, the truncated MOV10L1 protein lacking part of the RNA helicase domain (including the DE residues) was present in postnatal testes from the previously generated mutant mice [16] .
Polar congregation of piRNA pathway proteins has also been observed in other piRNA pathway mutants including Pld6, Tdrd1, Ddx4, and Ngn3-Cre;Mov10l1 conditional mutant mice [18, 33, 34] . The polar conglomeration of piRNA pathway proteins in mutant germ cells is accompanied by abnormal formation/disappearance of nuages, and aggregation of mitochondria in Pld6 and Ngn-Cre;Mov10l1 mutants [18, 33, 34] . Both the nuage and the mitochondria are crucial to piRNA biogenesis. Although some piRNA pathway proteins such as MILI, TDRD1, MVH, and MOV10L1 are compartmentalized in the nuage, other piRNA pathway proteins including PLD6, PNLDC1, and TDRKH are mitochondrial proteins [8, 23, 40, 54] . The intricate interplay between nuage and mitochondria in piRNA biogenesis remains to be elucidated.
